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Abstract 

We consider the possibility of electroweak baryogenesis in a simple 
extension of the standard model with an extra singlet complex scalar 
and a vector-like down quark. We show that in the present model 
the first-order electroweak phase transition can be strong enough to 
avoid the baryon asymmetry washout by sphalerons and that the CP- 
violating effects can be sufficient to explain the observed baryon-to- 
entropy ratio ns/s ~ 1CT 10 . Other appealing features of the model 
include the generation of a CKM phase from spontaneous CP breaking 
at a high energy scale and a possible solution of the strong CP problem 
through the natural suppression of the parameter 9. 



1 Introduction 



Among the various scenarios which attempt to explain the baryon asym- 
metry of our Universe, the mechanism of electroweak baryogenesis continues 
being one of the most attractive M. One of the motivations to consider the 
electroweak scenario lies of course in the fact that with the advent of new 
high-energy colliders, physics at the electroweak scale becomes more acces- 
sible and testable. Furthermore, it is very appealing the fact that all the 
necessary ingredients for a successful baryogenesis (i.e. baryon number 
violation, C and CP violation and departure from thermal equilibrium) can 
be easily found in quantum theories of particle interactions. 

Unfortunately, the standard model (SM) of electroweak interactions fails 
in providing the required baryon asymmetry for at least two reasons. Firstly, 
the electroweak phase transition (EWPT) is not strongly first-order || [|. || 
and therefore, any AB ^ created during the transition would subse- 
quently be washed out by unsuppressed S-violating processes in the bro- 
ken phase. Secondly, the CP-violating effects coming from the Cabibbo- 
Kobayashi-Maskawa (CKM) mixing matrix are too small |], [7| to explain 
the observed baryon-to-entropy ratio n^/s ~ 1CT 10 ||. Thus, for electroweak 
baryogenesis to be feasible, physics beyond the minimal standard model must 
be invoked. 

Several extensions of the SM have been studied in the literature. In par- 



ticular, in the two Higgs doublet model [[J, the singlet majoron model flO 
and in the SM with an extra real Higgs singlet or a complex gauge singlet 
with zero vacuum expectation value (VEV) ||, the first-order EWPT can 
be strong enough to suppress the sphaleron interactions after the transition. 
However, it should be stressed that a strong first-order phase transition is 
not sufficient for a successful baryogenesis; an adequate amount of CP vi- 
olation is also required. Supersymmetric extensions of the SM also provide 
a possible framework for electroweak baryogenesis. For instance, in the so- 
called light stop scenario of the minimal supersymmetric standard model the 



phase transition can be sufficiently strongly first-order |]l2f-||15|| for values of 
the lightest Higgs and stop masses consistent with the present experimental 
bounds. Furthermore, the latter model contains additional sources of CP 
violation which can account for the observed baryon asymmetry |L£|-[]19]. 

In this letter we analyze the mechanism of electroweak baryogenesis in a 
simple extension of the SM, where the only additional fields are a charge -1/3 
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vector-like quark D and a singlet complex scalar S |2T|. The addition 
of extra vector-like quarks to the SM is particularly attractive since they 
naturally arise in grand unified theories such as Eq. After briefly describing 
the model and explaining how the Higgs sector spontaneously breaks CP 
through a phase in the VEV of the singlet scalar, we proceed to study the 
electroweak phase transition. We show that in a wide range of the parameter 
space and provided that one of the singlet scalar components is light enough, 
the first-order EWPT can be sufficiently strong so that the sphaleron in- 
teractions in the broken phase are too slow to erase the baryon asymmetry 
created during the transition. We also discuss the possible mechanisms of 
baryon number violation in the present model. As far as spontaneous baryo- 
genesis |22j (through a space-time dependent complex VEV of the singlet 
field and/or a radiatively induced Strong) is concerned, it turns out that it 
cannot give the right order of magnitude for the observed ub/s ratio. Nev- 
ertheless, a strong enhancement compared to the SM can be obtained via 
reflection of quasiparticles on the bubble wall (charge transport baryogen- 
esis p3|, p3L W) since the model has new lower dimensional CP- violating 



weak-basis invariants (compared to the SM CP-violating invariant) 



2 The model 



We consider a simple extension of the SM where, in addition to the usual 
field content, we introduce in the fermion sector a vector-like down quark D, 
singlet under SU(2) and in the Higgs sector, an extra complex scalar S, 
singlet under ST/ (2) x U(l) |p0| . As shown in ref. pPf , this minimal Higgs 
structure can spontaneously break CP through a phase in the VEV of the 
singlet S. Furthermore, this phase induces a no n- vanishing phase in the CKM 
matrix, which is not suppressed by a small ratio v/cr = \{<j>)\/\(S) \ <C 1. We 
emphasize that small values of the latter ratio are desirable to naturally 
suppress not only the existing flavour-changing neutral currents, but also 
the one-loop finite contributions to the parameter 9 associated with strong 
CP violation [BT|. It turns out that the most stringent bounds on the VEV 
of the scalar singlet, a, come from the new contributions to the neutron 
electric dipole moment. Nevertheless, the present experimental limit \d n \ < 
10 _25 ecm |25| implies a > few TeV for acceptable values of the couplings 
and parameters of the model [2C, 21]. 
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The field content of the model is given by 

(u d) l L , u R , d R , D L , (f>, S , 
i = 1, 2, 3; a — 1, ... ,4 , 

where i, a are family indices and <fi , £ denote the standard Higgs doublet 
and the extra complex scalar singlet, respectively. We impose CP invariance 
at the Lagrangian level and also introduce a Z 2 discrete symmetry under 
which D L and £ are odd, while all the other fields are even. The role of 
the Z 2 symmetry is to forbid quark bare mass terms of the form £>id R and 
therefore, to guarantee the vanishing of ^-strong at the tree level. However, 
we will allow a soft breaking of such symmetry in the scalar sector. As we 
shall see below, soft-breaking terms, linear and cubic in the singlet scalar 
field, will play a crucial role in avoiding the baryon asymmetry washout by 
sphalerons during the EWPT. 

The most general SU(2) x U(l) x Z 2 invariant potential can be written 
in the form 

V = -m 2 (jJ<p + A (0V) 2 - m 2 s S*S + X s {S*S) 2 + (3 (0 f 0) (£* S) 
+ (/i 2 + p' (0V) + A' (S*S)) (S 2 + S* 2 ) + X" (S 4 + S* 4 ) . (1) 

All the parameters are assumed to be real, so that the Lagrangian is CP 
invariant. In addition to V , we shall introduce the following Z 2 -breaking 
terms in the direction of the real component of the singlet scalar field 

V = V2i (0V) ( S + S *)~-^( S + S *f , (2) 

with £ and a real. The £77(2) x U(l) x Z 2 invariant Yukawa interactions are 

£ Y = -y/2(u d) l L (gij4>d R + hij^u 3 ^ - fi D D L D R 

~V2(f t S + f:S*)D L d R + h.c, (3) 

where = ia 2 <f)*,D R = d 4 R and all interaction constants are real because of 
CP invariance. The down quark mass matrix M. d can be then written as 
follows: 

M - ( Md ° ^ 
Md ~\M D „ D ) 
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(4) 



with 



(Md)ij = V2 gij <0°> , 

{M D )i = V2(f l (S) + f:(S*))- (5) 

(0°) and (S) are the VEV for the neutral Higgs doublet and the singlet scalar, 
respectively. The up quark mass matrix is the same as in the SM, 

M u — (M u )ij — V2hij((j) ). (6) 

For our purposes it will be more convenient to express the complex scalar 
S in terms of its real and imaginary parts. Let us write S = ^ (Si + iS 2 ) 

and denote by h — a/20 the neutral component of the Higgs field. In terms 
of these fields, the potential V = V + V reads 

v = -l m w + + ^tfsi + &s x - - |s? + hsi 

+ y ^ + \ lS lSl - \&S\ + X ^S\ , (7) 
with the obvious identifications: 

[J* _ m | _ 2 ^2 ^ ^2 _ m 2 + 2/i 2 ^ 

\ x = \ s + 2A' + 2A" , A 2 = A s - 2A' + 2A" , 



Pi = ^(P + W) , ft = ^ (/3 - 2/3') , 7 = A S -GA 



In what follows we suppose m 2 , A, /i 2 ,, A& > 0; (3/., 7 > (A; = 1, 2) . 
After the spontaneous symmetry breaking we have 

(h)=v, (S} = ^ = ^= (a 1 +ia 2 ). (8) 

If the absolute minimum of the potential (|7|) is at v 7^ 0, a 7^ and 77 7^ 
/c7r/2 (A; = 0,1,...), then the vacuum breaks in general both T and CP 
invariance. Such spontaneous CP breaking is expected to occur at a high 
energy scale (er > few TeV) and at least one of the VEV, Si or s 2 , should 
be of the order of this scale. On the other hand, in order to avoid the 
baryon asymmetry washout by the sphalerons during the EWPT, one of 
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the singlet components must be light enough to produce a strong first-order 
phase transition. 

We shall assume that the field component S 2 is heavy, ms 2 ~ few TeV, 
while Si is light, ms 1 > rnu- In this case, the Si field will decouple from the 
theory and the tree-level potential is reduced to the SM one, plus a real singlet 
field. We stress however that, although not relevant in our analysis of the 
phase transition, the S 2 field will play an essential role (through the phase 
77 = arctan(s2/si)) in what concerns the magnitude of CP violation and 
production of a net baryon asymmetry, AB 7^ 0, during the EWPT. Notice 
also that to have v ^ a without any further fine tuning, the parameters 
P 2 and 7 in Eq.(|7]) should be taken small enough. Here we will assume, for 
simplicity, p 2 = 7 = 0. 

Under the above assumptions, the minimization of implies s 2 = 
^2/ \fX~i v, Si, while for v, Si one obtains the system of equations: 

v { -m 2 + Xv 2 + Pis\ + 2£si } = 0, (9) 
Xisl - as\ - (/I 2 - f3iv 2 ) si + £v 2 = 0. (10) 

The system fl9l)-(|IUD can have up to six solutions (with v > 0), two of which 
can be local minima. The field-dependent scalar masses are given by 



m 2 x = -m 2 + Xv 2 + Pmi + 2£ Sl , (11) 

ml,si = \ [~ m2 ~f4 + (3A + Pi) v 2 + (pi + 3Ai) s\ + 2 (f - a) sj 

T ~ { [~m 2 + \i\ + (3A - Pi) v 2 + {pi - 3Ai) s\ + 2 (£ + a) sj 2 

+ 16^ 2 (/3 lSl + 2 } 1/2 , (12) 

where m x corresponds to the Goldstone bosons. The gauge boson masses re- 
main the same as in the SM. At the global minimum, which satisfies Eqs.(^)- 
(10), we have the following relations for the physical masses: 

m h + m li = 2 -^o + 2Ais 2 - £uq/ si - as\ , (13) 
m\m\ = 2Xv 2 (2A lS 2 - & 2 / Sl - asi) - HiPiSi + £) 2 , (14) 

with vq ~ 246 GeV in order to reproduce the experimental values of the 
gauge boson masses, m w « 80 GeV, m z ~ 91 GeV. 
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3 The electroweak phase transition 



Let us now study how the electroweak phase transition proceeds in the 
present model. In the presence of a thermal bath, the effective potential (i.e. 
the free energy density) must include the interactions between the fields and 
the hot plasma. At one loop in perturbation theory, this amounts to add to 
the ground state energy, the free energy of a gas of noninteracting particles 
at finite temperature. The result is well known [p6|l 



AV T 




T ( m B\ 



x 2 In (l Te -V^+ y 



dx, 



(15) 



where gs (<?f) are the boson (fermion) degrees of freedom; m# (mp) is the 
mass of a boson (fermion) in the presence of background fields. In the high 
temperature limit, when m < T , Eq.(^) can be expanded in powers oim/T 
and one obtains f26fl 



T 



where A- 



9i 

i=B,F 

= 2 (1) 
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(16) 



.Bj = 1 (0) , Di — 1 (— 1) , for bosons (fermions) and 
C B w 5.41, C F w 2.46 . 

At this point it is worthwhile making a few comments. First we notice 
that in the high temperature limit the T-independent vacuum fluctuations 
~ m 4 In m 2 in Eq.(|l^) are exactly cancelled by similar contributions com- 
ing from the one-loop effective potential at T = 0. As far as the m 4 lnT 2 
fluctuations are concerned, they tend to modify the quartic terms, but are 
sub dominant provided the couplings are small. In what follows we shall as- 
sume that the latter conditions apply and therefore we neglect these terms. 
Similarly, we shall also neglect all one-loop scalar self-interactions. Finally, 
we note that since for the scalar component S2, ms 2 3> T , its contribution 
to the finite temperature effective potential is Boltzmann suppressed. The 
same argument applies to the vector-like down quark D which is assumed to 
have a mass mo > nk- 

Thus, adding the zero-temperature potential (0) and the finite-temperature 



terms (15) for all the relevant particles involved (Higgs, Goldstone and gauge 
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bosons, singlet scalar and top quark), finally we obtain the approximate one- 
loop effective potential at high temperatures 

V T = \m\T) h 2 - ^5(T)h 3 + ^ + + 

+ (4£ - a) ^ + S? - ^Sf + *±St , (17) 



where 



12 2^ 1V ' 1 3 



m 2 {T) = -m 2 + (P± + 2\ + e\ 

2frr\ 2 , / A . ^1 \ rp2 



4 ' 



(18) 



tfm = -tf +if +x ) T ' (19) 



2m^ + m| + 2m^ 

,3 i ^,3 



1.37, (20) 



(2771^ + m|) T 

and we have used the experimental central value for the top quark mass 



5(T) = - w ' z ' « 0.02 T, (21) 

27TVn 



m t « 176 GeV |27| . 

The minimization of the free energy density fll7|) with respect to the fields 
h and Si yields the system of equations 

v (m 2 (T) - 5(T)v + Xv 2 + + 2£ Sl } = 0, (22) 

T 2 

\ x s\ - as\ + (fil(T) + (3 lV 2 ) s x + iv 2 + (4£ - a)— = 0. (23) 

Solving this system we can find v = v(T) and s\ = s x (T). Note that as 
T — > oo, the solution of fl2"2|)-(|2"3"D is 

Therefore, the electroweak symmetry restoration does take place at high 
temperature, while in general s x ^ 0. As the Universe cools down, a new 
minimum will appear with v ^ and the electroweak symmetry will be 
spontaneously broken. 

The interesting issue is, of course, the nature of such a transition. In order 
to make electroweak baryogenesis possible, a strong enough first-order EWPT 
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is required, so that any baryon asymmetry produced during the transition 
can survive without being diluted by the sphalerons. In the SM (with only 
one Higgs doublet), the requirement for the survival of the baryon asymmetry 
produced at the electroweak scale is given by pS 



£s P h(T e ) _ 4nB(X/gl)v(T c ) 

~^T~ ~ ^ ~ 45 ' (25) 

where E sph (T c ) is the sphaleron energy, T c is the critical temperature and 
1.56 < B(X/g1) < 2.72 for < X/ g% < oo. Thus, a large jump in the Higgs 
VEV is required during the transition, 

=f> > 1, (26) 

which in turn translates into an upper bound on the Higgs mass. 

There are convincing arguments || |], [5] that the first-order phase transi- 
tion in the minimal SM is too weak to yield an acceptable baryon asymmetry 



for Higgs masses consistent with the present experimental bounds ||25|| . In the 
model we are considering, one expects however new effects to come from the 
linear and cubic terms in the singlet field Si, which can lead to an enhance- 
ment of the first-order EWPT. To show that this is indeed the case, we looked 
for the coexistence of two degenerate minima in the potential of Eq.flTT]) at 
some (critical) temperature by solving the extrema Eqs.(p2j)-(|23|). Then we 
verified that the constraint given by Eq.(^) was satisfied^]. The parameter 
space was chosen in the region of validity of Eq.(|17D and of compatibility 
with the present experimental limits on the Higgs mass. In the (v, si)-plane 
we found a wide parameter range where there exist two degenerate min- 
ima, namely (0, s+(T c )) and (v(T c ),s-(T c )), and for which the constraint of 
Eq.(^) is satisfied. The first-order phase transition occurs as the global 
minimum tunnels from (0, s + (T c )) (symmetric phase) to (v(T c ), s_(T c )) (bro- 
ken phase). For T > T c , we also find in general another first-order phase 



transition in the Si-direction ||11|| , but this transition is not necessary for 
electroweak baryogenesis to succeed. 

In Fig.l we plot the ratio v(T c )/T c as a function of the Z 2 -breaking param- 
eter £ for the particular values of a = 1.5, (3 = 0.01, A = Ai = 0.07 and for the 



1 Notice that the requirement of Eq.(g6|) also applies to models with additional singlet 
scalar fields since the sphaleron energy in such models is smaller than the corresponding 
one of the standard model [FlO| . 
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Higgs mass values m# = 80, 85, 90 GeV. Fig. 2 shows the allowed region in the 
plane (£, a) where the constraint ( p6|) is satisfied for (3 = 0.01, A = Ai = 0.07 
and rriH = 80 GeV. 

<x=1.5 P= 0.01 A,= A.i = 0.07 



m H = 80 

m H = 85 

m H = 90 



2 3 4 5 6 7 8 



Figure 1: Dependence of the ratio v(T c )/T c on the soft-breaking parameter 
£ for the particular values of a = 1.5, (3 = 0.01, A = Ai = 0.07 and for the 
Higgs mass values m H = 80, 85, 90 GeV. 

We see that there exists a wide range in the parameter space where the 
EWPT is strongly first-order and thus baryogenesis is possible. We also 
notice that the soft-breaking terms (cf. Eq.(^)) play a crucial role in this 
respect. 



4 CP- violation and baryogenesis 

A strong enough first-order EWPT is a necessary but not a sufficient 
condition for baryogenesis to succeed. To explain the observed baryon asym- 
metry of the Universe a right amount of CP violation is also required. 

Two of the appealing features of the model under consideration are the 
possibility of spontaneous CP violation and natural suppression of strong 
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m H =80 p= 0.01 X=^i = 0.07 
4 

3.5 ; 



8 2 




2 4 6 8 10 

Figure 2: The allowed region in the (£, a)-plane for which the requirement 
v(T c )/T c > 1 is satisfied (shaded-in area). The plot is given for the particular 
values of (3 — 0.01, A = Ai = 0.07 and the Higgs mass mu = 80 GeV. 



CP violation EQ, 211. The model satisfies the Nelson-Barr criteria [2S] which 



guarantee the tree-level vanishing of the # st rong parameter. Moreover, due to 
the presence of vector-like quarks, there are new sources of CP violation. In 
general in an extension of the SM with n standard generations and rid Q = 
— 1/3 isosinglet quarks, the generalized CKM matrix consists of the first n 
lines of a (ri + nd)-dimensional unitary matrix and it has been shown [RDJ that 
there are {n — l)(^^+rid) physical CP-violating phases in the CKM matrix. 
Hence, with n = 3 and rid = 1, there are three CP- violating phases. More 
importantly, it has been shown [31| that in this minimal extension of the SM, 
there is CP violation even in the chiral limit where m u = rrid = m s = m c = 0. 
This implies that CP- violating effects relevant for baryogenesis at the EWPT 
will not be suppressed by the smallness of the light quark masses. At this 
point, it is worth recalling that in the three generation SM, the strength of 
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CP violation is controlled by the invariant |33 
Ism = det 



(M„Mt), {M d M\)\ = ^Tr [(JWJWj), (M,Mj) 



-2i (A*A*,Ay (ALALAL) Im (V„,Vc.05) , (27) 



where M u , M d are the up and down quark mass matrices and Afj = m 



2 



rrij. A natural question is whether in the present model there are new CP 
violating weak-basis invariants which may play a role in the generation of 
the observed baryon asymmetry^. In ref.[0 a complete set of necessary 
and sufficient conditions for CP invariance were given, expressed in terms of 
weak-basis invariants. In particular, it was shown that in the presence of one 
vector-like down quark the lowest weak-basis invariant is: 

X VL = \mTv[M u MlM d MlM d M ] D M D M d l (28) 

where M u , M d and Mr, matrices are defined as in Eqs.(f|)-(|6|). It can also be 
shown that in the chiral limit m Uy d, s ,c = 0, all weak-basis invariants which 
measure CP violation in the present model, are proportional to Xvl- There- 
fore, Xvl plays the same role that Ism plays in the SM, giving the strength 
of CP violation relevant for baryogenesis at the EWPT. 

In the SM, based on dimensional analysis, a naive estimate for the baryon 



asymmetry can be given as p8 



n B Xsm in _ 2 o / 9Q x 

where T c is the critical temperature (natural mass scale) at the EWPT. 

In fact, a more refined analysis shows that the critical temperature is not 
the only scale at the phase transition. Taking into account the effects of 
strong interactions on the lifetime of quasiparticles, a better estimate of the 
baryon asymmetry in the SM can be given |], [5], |l6|j : 

n B ^sm 1 n _25 



a X 6 



10" 25 , (30) 



where i is the coherence length of the quasiparticles (i.e. the distance over 
which the quasiparticles propagate during their lifetime). Thus, there are 

2 For previous discussions on the sources of CP violation in models with vector-like 
quarks and their role in electroweak baryogenesis, see e.g. refs.BJ]. 
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two relevant scales, namely, the critical temperature T c and the inverse of 
the coherence length i^ 1 . 

In our model two different mechanisms of baryogenesis can occur: 

- Spontaneous baryogenesis through a space-time dependent com- 
plex VEV of the singlet S and/or through a radiatively induced 



- Charge transport baryogenesis through reflection of quasiparti- 
cles off the oncoming bubble wall during the phase transition. 

As we shall see below, the first mechanism cannot give the right order 
of magnitude for the baryon asymmetry in this type of model. Neverthe- 
less, a strong enhancement compared to the SM results can be obtained via 
reflection of quasiparticles on the bubble wall. 

Let us first discuss the spontaneous baryogenesis in the framework of 
our model. From the form of the down quark matrix given in Eq.(|4]) it 
follows that Imdet Aid = 0. During the electroweak phase transition, M. d is 
a space-time dependent function of the VEV of the scalar Higgs doublet and 
the singlet field. The matrix can be diagonalized by unitary matrices 
belonging to the SU(N) group. The kinetic term for fermions is not invariant 
under the field redefinition which diagonalizes M.d- However, all the currents 
induced by this redefinition are orthogonal to the baryonic charge. Thus, 
imposing Strong to be zero at the tree level implies in a natural way that 
the spontaneous baryogenesis mechanism is inefficient to produce the baryon 
asymmetry of the Universe. 

Similar conclusions can be drawn for the radiatively induced Strong- In- 
deed, the detailed balance principle allows us to relate the baryon density 
ub to the chemical potential \lb = M 6 associated to the baryonic charge 
(TV ~ 0(1) is a constant), 



where Nf is the number of flavours, r sp h(T) is the sphaleron rate and the 
integration goes until the time when the anomalous processes are out of 
thermal equilibrium. Given that the entropy density is s = 2ir 2 g*T 3 /45 and 
that on dimensional grounds r sp h = n{a w T) A in the symmetric phase, one 



0, 



strong j 




(31) 
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finds for the baryon-to-entropy ratio 

s 2ir z g* 

with g* ~ 100 is the effective number of degrees of freedom at the electroweak 
scale, 0.1 < k < 1 and a w = g^/An. We remark that the most severe con- 
straint on Strong comes from the experimental limits on the neutron electric 
dipole moment, \d n \ < 10~ 25 ecm |p5| , which implies |6* str ong| < 10~ 10 . 

To evaluate the effects of CP-violation due to reflection of quasiparticles 
on the bubble wall we shall follow the approach of ref.j7j. The first-order 
EWPT proceeds via nucleation of bubbles, inside which the VEV of the 
Higgs field v ^ and which expand until they fill up the symmetric (v = 0) 
Universe. Due to CP-violating effects, quarks and antiquarks reflect asym- 
metrically on the bubble wall and therefore their distributions are different 
inside and outside the bubble. The fast P-violating processes will cause 
(AP) to relax to zero in the symmetric phase. The net baryon number pro- 
duced is equal to (minus) the thermal average of the baryon number in the 
unbroken phase (i.e. the sum of the excess of baryons from the symmetric 
phase reflected off the wall plus the excess of baryons transmitted from the 
broken phase into the symmetric one). 

Using unitarity and CPT invariance, and assuming that the sphaleron 
rate is equal to infinity in the unbroken phase and equal to zero in the broken 
phase, the ratio ub/s can be given as 

(33) 

where the matrix (in flavour space) Rlr is the probability of a left-handed 
quark to be reflected on the bubble wall into a right-handed quark; n v ^{uS) 
are Fermi-Dirac distributions boosted to the bubble wall frame, n[^{uo + 
Vwi>)] = l/(e 7 ^ +1,w '^/ T + 1),7 is the relativistic factor, v w is the bubble 
wall velocity and (u),p) is the quasiparticle four-momentum. For small wall 
velocities, we can expand Eq.(|3"3"D in powers of v w to obtain: 

n B 15 [ du v w .(p L -p R 

' -n(tjj) (1 — n{uj)) 



x Tr [R{ R R LR - R RL R RL ] + O (t£) . (34) 
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The reflection coefficients can be evaluated using an expansion in the 
quark masses |7]]. For the dominant contribution to the baryon asymmetry, 
finally we find 

— ss -10 *v w — , (35) 

where Tvl is defined in Eq. ( p8|) and we have assumed T c « l/£. 

The above equation can be expressed in terms of the mixing angles and 
the physical quark masses. Then, using the constraints coming from FCNC 
and the measured elements of the CKM matrix, an estimate on the D quark 
mass can be given in order to reproduce the observed baryon asymmetry. 

In the chiral limit m u ^, s ,c — 0, all CP-violating effects are due to physics 
beyond the SM. In this limit, the lowest invariant (p8|) can be easily written 



in terms of mixing angles and quark masses [31]. We have 



T VL = -m 2 t m 2 D m 2 b (m 2 D - m 2 b ) Im {V tb V£ b V 4D V* D ) , (36) 

where V a p are matrix elements of the 4x4 unitary matrix V which diago- 
nalizes AidAi\-, in the weak-basis where Ai u is diagonal. Therefore, 

^ - ID" V^f^Im (V tb V: b V 4D V t * D ) . (37) 

The observed value for the cosmo logical baryon asymmetry is Ub/s ~ 
10 -10 . The main constraint on the mixing angles comes from the FCNC and 
is given by \lmV tb V* b V 4D V t * D \ < 10~ 4 0. Using the values T c w 1/i w 120 



GeV, v w — 0.1, m t ~ 95 GeV, m b ~ 3 GeV, and assuming that the mixing 
angles are of the order of the above bound, we derive that the required mass 
of the D quark should be about rriD m 200 GeV. Of course, this value of 
mo should be taken only as a rough estimate, in view of uncertainties in 
the evaluation of the baryon-to-entropy ratio (in particular concerning the 
properties of the matter during the phase transition and the propagation of 
the bubble wall). In spite of these uncertainties, one may safely conclude 
that in the present model a D quark mass of the order of a few hundred GeV 
is needed in order to produce the baryon asymmetry of the Universe at the 
electroweak scale. 

A final comment is in order. It is clear that the sign of the quantity 
\mQi = l^VtbV^V^nV^) is dictated by the sign of the baryon asymmetry 
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Us- Now, due to unitarity constraints, hxvQi is related to the imaginary parts 
of other rephasing invariant quartets [[31]. Indeed one obtains: 



ImQi = lmQ 2 - ImQ 3 + \m.Q 4 - ImQs , (38) 

where 

Q2 = v ud v tb v t * d v* b , q 3 = v: s v; b v ub v ts , 

Qi = v cd v tb v; d v; b , q 5 = v; s v; b v cb v ts . (39) 

Note that ImQj (j = 2,3,4,5) in Eq.(^) involve CKM matrix elements 
connecting only standard quarks. In the SM, as a result of 3 x 3 unitarity of 
Vckm, all ImQj (j = 2,3,4,5) are equal and therefore the r.h.s. of Eq.(|3~8"D 
vanishes. It is clear that ImQi can in principle be obtained from low energy 
data signaling deviations from the SM predictions. 

5 Conclusions 

In this letter we have considered the possibility of generating at the elec- 
troweak scale the observed baryon asymmetry of the Universe in a simple 
extension of the SM, in which a complex singlet scalar field and an isos- 
inglet down quark are added to the theory. We have shown that in the 
presence of soft Z 2 -breaking terms, linear and cubic in the singlet field, the 
first-order electroweak phase transition can be strong enough to suppress 
the 5-violating sphaleron processes after the transition, thus avoiding the 
washout of any B asymmetry generated during the transition. Moreover, 
we have seen that in the presence of isosinglet quarks, the theory contains 
new lower dimensional CP-violating weak-basis invariants, which can sig- 
nificantly contribute to the produced baryon asymmetry at the electroweak 
scale via the charge transport mechanism. 

Of course, there are still uncertainties in the evaluation of the baryon-to- 
entropy ratio. Nevertheless, relations (p^)-(|39|) show that the sign of CP- 
violation in the K- and P-meson systems could in principle be related to the 
sign of the baryon asymmetry of the Universe. In our opinion this is a nice 
feature of the present model. 
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